Introduction
============

Metal-based nanoparticles, in the size range of 1--100 nm, exhibit unique properties that are different from bulk and dissolved counterparts. In the medical field, nanoparticles have the potential to revolutionize diagnostics, drug delivery, and therapeutic and theranostic applications.[@b1-ijn-12-1555]--[@b3-ijn-12-1555] Applications of nanoparticles are diversified by the variability of size and their availabilities in many shapes, that is, nanorods,[@b4-ijn-12-1555]--[@b6-ijn-12-1555] nanoshells,[@b7-ijn-12-1555]--[@b10-ijn-12-1555] nanocages,[@b11-ijn-12-1555],[@b12-ijn-12-1555] nanotriangles,[@b13-ijn-12-1555] nanostars or dandrimers,[@b14-ijn-12-1555]--[@b16-ijn-12-1555] and nanocups.[@b17-ijn-12-1555] Among different inorganic nanoparticles, gold nanoparticles (GNPs) have been most studied due to their biocompatible nature and low-toxicity profile.[@b18-ijn-12-1555],[@b19-ijn-12-1555] The surface of a nanoparticle may be smooth or rough. A smooth surface provides limited surface area as the size of nanoparticles is fixed. For a required dimension, a possible way to increase the surface area is to make nanoparticles with a rough or porous surface. These kinds of morphological features have a definite impact on the overall behavior of nanoparticles like physical constants (density and surface area), optical properties, and wetting.[@b20-ijn-12-1555] These nanoscale features can also alter the biological interaction as the nanoparticle surface contacts the biological environment, and are a crucial determinant of the response; therefore, in addition to surface coating, surface charge, conjugated molecule, shape, and topography, the surface porosity/roughness may have enormous impact on the overall performance of nanoparticles like biodistribution, stability, target localization, cellular interaction, uptake, drug release, and toxicity. It has been reported earlier that the saturation uptake of biomolecules on roughened films increased by up to 70%, higher than the increase of surface area (20%).[@b21-ijn-12-1555] Therefore, fine-tuning of nanoscale features is extremely important for effective bio-application of nanoparticles. Herein, we analyze the performance of solid and porous nanoparticles (having rough surface) as a computed tomography (CT) scan probe with a supposition that porous nanoparticles may have a better biodistribution and thus may function as a better contrast agent as compared to their solid counterpart.

CT scan has been widely used for noninvasive imaging and diagnosis of diseases.[@b22-ijn-12-1555] It is a medical procedure in which X-rays are used to take cross-sectional images of the body to find abnormalities or presence of tumor when physical checkup is not possible. X-rays are passed through the patient's body and captured by the detectors. A three-dimensional image is formed on the basis of differential absorption of X-rays by tissues. The quality of image is important to reveal maximum possible information for the correct diagnosis and to evaluate the extent or stage of disease.[@b23-ijn-12-1555] Image quality is proportional to X-ray dose and atomic number of different tissues. The X-ray attenuation in different tissues may range from -1,000 HU to 1,000 HU.[@b24-ijn-12-1555] Traditionally, quality of image is improved by enhancing the dose of X-rays which may be toxic, especially when repeated imaging is advised in many diseases. Conventional CT contrast agents are based on small iodinated molecules. Despite their good efficiency for X-ray attenuation, these iodinated probes have short circulation time, nonspecific distribution, rapid pharmacokinetics, and nephrotoxicity. Due to these concerns, iodinated probes have limited usage for microvascular and targeting performance. Use of suitable nanoparticles can overcome these toxicity effects as well as may help to reduce the exposure of patients to X-rays. Due to their biocompatibility and higher atomic weight, GNPs have been much explored for theranostic applications. GNPs have been used as contrast agents for enhancing image quality due to high density and high atomic number. They can enhance X-ray attenuation and improve image quality.[@b25-ijn-12-1555],[@b26-ijn-12-1555] One advantage of nanoparticles is their tunable colloidal stability which is helpful to improve the circulation time of nanoprobes. Owing to their high surface area and unique optical properties, rough-surfaced porous gold nanoparticles (PGNPs) and other anisotropic gold nanostructures are very alluring for use in theranostic imaging. However, application of these gold nanostructures has been limited by the complex manufacturing procedure, high cost, and toxicity due to surface ligands.[@b27-ijn-12-1555] In this paper, we report a novel route for one-pot synthesis of solid gold nanoparticles (SGNPs) and PGNPs as CT contrast agents. Both SGNPs and PGNPs were prepared and stabilized with lecithin. Lecithin is a phospholipid which is well reported for its long circulation time, colloidal stability, and non-cytotoxicity.[@b28-ijn-12-1555] The GNPs were compared with standard CT contrast, that is, iodine, for in vivo application ([Figure 1](#f1-ijn-12-1555){ref-type="fig"}).

Methods
=======

Synthesis of PGNPs and SGNPs
----------------------------

Gold (III) chloride (99%; Thermo Fisher Scientific, Waltham, MA USA), lecithin granular (Thermo Fisher Scientific), L-ascorbic acid (99%; Bio Basic Inc., Markham, ON, Canada), and tri-sodium citrate (99.5%; Thermo Fisher Scientific) were used as starting materials throughout the study. All required glassware was washed with aqua regia and rinsed with distilled water before use.

For one-pot synthesis of PGNPs, an aqueous solution of gold salt (AuCl~3~, 30 mL, 1 mM) was maintained at 50°C under stirring and then an aqueous solution of lecithin (4.5 mL, 20 mM) was added to it. Then, [l]{.smallcaps}-ascorbic acid (0.75 mL, 100 mM) was added under continuous stirring. Finally, tri-sodium citrate (0.75 mL, 100 mM) was added to this solution and stirred for 2 hours at 50°C. GNPs colloidal solution was centrifuged at 12,000 rpm for 20 minutes. Settled particles were collected and dispersed in water. The cleaning process was repeated three times with deionized water.

SGNPs were prepared by one-step, one-pot reflux method. Aqueous solution of gold salt (1 mM, 30 mL) was heated to 80°C under reflux, and aqueous solution of lecithin (10 mL, 10 mM) was added. The heated solution was stirred for 15 minutes. After cooling, SGNPs were washed thrice with deionized water as for PGNPs ([Figure 2](#f2-ijn-12-1555){ref-type="fig"}).

Characterization
----------------

The absorbance spectra of GNPs were measured by SpectraMax Plus 384 Microplate Reader. Hydrodynamic size and zeta potential of nanoparticles were determined by Malvern Zetasizer (ZS90; Malvern Instruments, Malvern, UK). Field emission scanning electron microscope (FESEM, JSM 7500F; JEOL, Tokyo, Japan) at accelerating voltage (1--30 kV) was used to study the morphology of GNPs.

CT scans
--------

PGNPs and SGNPs were evaluated in vitro for contrast properties in CT scan. A concentration of 20 mg/L of gold was taken to measure the density. For this purpose, PGNPs and SGNPs were taken in a syringe and imaged by Toshiba Aquilion CT scanner. Contrast efficiency of SGNPs and PGNPs was compared in terms of mean CT number expressed in Hounsfield units.

Animal studies
--------------

Procedures involving animals and their care were performed according to the guidelines prepared and approved by University of Veterinary and Animal Sciences, Lahore. These studies were approved by the Institutional Ethical Committee of NIBGE (Faisalabad, Pakistan). Six albino male rabbits were selected and divided into two groups. Group 1 was administered with PGNPs, and group 2 with SGNPs. One milligram of GNPs dispersed in 1 mL saline buffer was taken per 1 kg of body weight[@b29-ijn-12-1555] and injected into the rabbits through the marginal ear vein. Blood samples were taken after 1, 2, and 3 days, and assays were performed for biochemical parameters of blood (serum glucose and cholesterol level), liver function (alanine transferase \[ALT\], alkaline phosphatase \[ALP\], aspartate aminotransferase \[AST\], bilirubin total), and renal function (blood urea and serum creatinine).

For in vivo imaging, two albino rabbits were injected with PGNPs and SGNPs equivalent to 1 mg of gold via the marginal ear vein. CT scan was taken after 6 hours of intravenous (IV) administration at a voltage of 120 kV, current of 250 mA, and total scan time of 6.741 seconds.

Results and discussion
======================

Shape and surface morphology of NPs
-----------------------------------

The morphology of both kinds of gold particles was studied by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The samples for electron microscopic characterization were prepared by slow evaporation of a drop of an aqueous suspension of particles on carbon-coated copper grids. The SEM analysis of gold structures revealed granular shape, with an average size of 30--40 nm, having a rough surface comprising several nanostructured grains ([Figure 3C](#f3-ijn-12-1555){ref-type="fig"}). However, nanoparticles formed by using sole lecithin showed plain and solid surface (no pores; [Figure 3A](#f3-ijn-12-1555){ref-type="fig"}). The size range seemed to be 15--30 nm ([Figure 3A](#f3-ijn-12-1555){ref-type="fig"}). PGNPs showed a surface plasmon resonance (SPR) band at 560 nm, while the SGNPs showed an SPR band at 548 nm.

Size and zeta potential
-----------------------

Hydrodynamic size of these GNPs was measured by dynamic light scattering (DLS; Zetasizer, ZS90; Malvern Instruments). Average DLS size of PGNPs and SGNPs was 35 nm and 28 nm, respectively ([Figure 4A and B](#f4-ijn-12-1555){ref-type="fig"}). This size range seemed suitable for IV injection and was reported for excellent biodistribution.[@b30-ijn-12-1555] The zeta potential of PGNPs and SGNPs was −44.4 mV and −51 mV, which indicates excellent colloidal stability for both formulations.[@b31-ijn-12-1555],[@b32-ijn-12-1555] The colloidal stability of these GNPs was further evaluated in different physiological media after 1 week. We found negligible change in nanoparticles size dispersed in water, phosphate-buffered saline solution, and Dulbecco's Modified Eagle's Medium indicating that nanoparticles are suitable for long-term use.

For initial screening of X-rays attenuation by PGNPs and SGNPs, direct scans of nanoparticles-containing syringes were taken ([Figure 5](#f5-ijn-12-1555){ref-type="fig"}). It has been reported in many studies that solid GNPs give around two to three times higher contrast than iodine, a commonly used contrast agent in CT scan.[@b33-ijn-12-1555]

The results of our study showed that contrast efficiency of both PGNPs and SGNPs was in agreement with previous studies.[@b25-ijn-12-1555],[@b33-ijn-12-1555],[@b34-ijn-12-1555] Interestingly, contrast efficiency of PGNPs was 1.73 times higher than SGNPs. These results suggest that both SGNPs and PGNPs may be preferred contrast agents in CT scan.

Previous studies have shown that GNPs injected into animal bodies get accumulated in the liver and kidneys, which could be lethal.[@b29-ijn-12-1555],[@b35-ijn-12-1555] To examine the biocompatibility of PGNPs and SGNPs, their influence on blood biochemistry and liver and kidney function was studied in albino rabbits. All rabbits survived during the 3-day study period, and no change was observed in normal behavior, food intake, and physical function. The liver profile of animals after injection of nanoparticle formulation (PGNPs and SGNPs) showed a slight increase in the levels of ALT ([Figure 6A](#f6-ijn-12-1555){ref-type="fig"}), AST ([Figure 6B](#f6-ijn-12-1555){ref-type="fig"}), ALP ([Figure 6C](#f6-ijn-12-1555){ref-type="fig"}), and total bilirubin ([Figure 6D](#f6-ijn-12-1555){ref-type="fig"}). Data were collected for 3 days postinjection. Elevated levels of ALT and ASP in the first 2 days tended to get normalized on the 3rd day which indicates the lack of any kind of damage to the liver. Total bilirubin level remained almost constant for 2 days and increased slightly on the 3rd day in PGNP-administered rabbits. ALT is an enzyme that is found only in the liver, and bilirubin is a red blood cell component which is processed by the liver. Elevation of these blood markers indicates damage to hepatocytes. AST and ALP are found in the liver as well as other tissues and are routinely analyzed as liver function markers in combination with ALT and bilirubin. The kidney function is evaluated by measuring blood urea and creatinine that are cleared by the kidneys. Our results showed a slight decrease in the level of urea ([Figure 6E](#f6-ijn-12-1555){ref-type="fig"}) and creatinine ([Figure 6F](#f6-ijn-12-1555){ref-type="fig"}) after 3 days. By analyzing this data, we can say that kidney function is more influenced by PGNPs as compared to SGNPs. On the other hand, levels of blood glucose and cholesterol increase abruptly with both types of nanoparticles and tend to get normalized with time. These results suggest that both types of nanoparticles preliminarily accumulated in the liver and kidneys and interfered with their function which is in agreement with previous studies.[@b29-ijn-12-1555],[@b35-ijn-12-1555] However, this effect seems to be reversible as both the kidneys and liver revert to their normal function after clearance of nanoparticles ([Figure 6](#f6-ijn-12-1555){ref-type="fig"}). Lack of toxicity has been broadly documented for negatively charged GNPs (probably due to their bare surface) in the size range reported in this paper and at a dose of 1 mg/kg.[@b27-ijn-12-1555] Thus, it could be assumed that lecithin-coated PGNPs and SGNPs could be safely used in vivo as preferred contrast agents.

Two groups of rabbits were administered with PGNPs and SGNPS and evaluated by CT scan imaging ([Figure 7](#f7-ijn-12-1555){ref-type="fig"}). PGNPs showed superior contrast enhancement ([Figure 7A1--A3](#f7-ijn-12-1555){ref-type="fig"}) as compared to SGNPs ([Figure 7B1--B3](#f7-ijn-12-1555){ref-type="fig"}). These results are also supported by higher mean attenuation of PGNPs in vitro, as discussed. The manifold higher contrast efficiency of PGNPs was evident in full-body scan as well as organ-specific scan of rabbits suggesting that PGNPs synthesized by novel one-pot method can be used as safe and effective contrast agents in CT scan imaging.

Conclusion
==========

In this work, we reported facile methods to synthesize PGNPs and SGNPs by using lecithin as a stabilizer. These nanoparticles could find vast application in imaging, and so in the present work, we compared 35 nm PGNPs and 28 nm SGNPs. These GNPs are stable at physiological conditions, and may have application in detection of localized tumors and thus may be useful for cancer imaging. To examine the contrast value of these nanoparticles in CT scan, both kinds of particles (porous and solid) were individually tested using the animal model. The results proved that PGNPs show better contrast due to their higher efficiency of X-rays attenuation, probably because of their rough or porous surface compared to SGNPs. SGNPs were observed to show blur contrast as compared to PGNPs. The biochemical impact of both GNPs was evaluated, by measuring the level of blood glucose, cholesterol, and liver and renal function biomarkers at different time intervals. Both SGNPs and PGNPs showed a pronounced effect on the liver function profile. The average values of blood urea and creatinine showed the minor effect of the GNPs on the renal profile. Based on this data, we can say with full confidence that PGNPs are more effective as CT scan probe, as compared to SGNPs and iodinated probe.
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![Process showing comparative performance of GNPs for contrast agent in CT scan and biochemical parameters.\
**Abbreviations:** CT, computed tomography; PGNP, porous gold nanoparticle; SGNP, solid gold nanoparticle; ALT, alanine transferase; AST, aspartate aminotransferase; ALP, alkaline phosphate.](ijn-12-1555Fig1){#f1-ijn-12-1555}

![Schematic diagram of the synthesis of (**A**) PGNPs and (**B**) SGNPs.\
**Abbreviations:** PGNPs, porous gold nanoparticles; SGNPs, solid gold nanoparticles.](ijn-12-1555Fig2){#f2-ijn-12-1555}

![Characterization of SGNPs and PGNPs. (**A**) TEM image of SGNPs. (**B**) SEM image of PGNPs; pores on a single particle are labeled with white circles (inset). SPR spectrum of (**C**) PGNPs and (**D**) SGNPs.\
**Abbreviations:** SGNPs, solid gold nanoparticles; PGNPs, porous gold nanoparticles; TEM, transmission electron microscopy; SEM, scanning electron microscopy; SPR, surface plasmon resonance.](ijn-12-1555Fig3){#f3-ijn-12-1555}

![DLS study of nanoparticles: particle size of (**A**) PGNPs and (**B**) SGNPs; and zeta potential of (**C**) PGNPs and (**D**) SGNPs.\
**Abbreviations:** DLS, dynamic light scattering; PGNPs, porous gold nanoparticles; SGNPs, solid gold nanoparticles.](ijn-12-1555Fig4){#f4-ijn-12-1555}

![Direct CT scan image of (**A**) PGNPs and (**B**) SGNPs shows that porous shape has a better density value and thus better contrast display.\
**Abbreviations:** CT, computed tomography; PGNPs, porous gold nanoparticles; SGNPs, solid gold nanoparticles.](ijn-12-1555Fig5){#f5-ijn-12-1555}
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Biocompatibility of SGNPs (blue) and PGNPs (red) in rabbit. Influence on the value of (**A**) ALT, (**B**) AST, (**C**) ALP, (**D**) bilirubin total, (**E**) urea, (**F**) serum creatinine, (**G**) blood glucose, and (**H**) cholesterol.

**Abbreviations:** SGNPs, solid gold nanoparticles; PGNPs, porous gold nanoparticles; ALT, alanine transferase; AST, aspartate aminotransferase; ALP, alkaline phosphate.
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![CT scan of rabbits treated with PGNPs and SGNPs. (**A1** and **A2**) Clear CT image obtained with PGNPs as contrast. (**A3**) Blur scan obtained with PGNPs as contrast. (**B1** and **B2**) Clear CT image obtained with SGNPs as contrast. (**B3**) Blur scans obtained with SGNPs as contrast.\
**Abbreviations:** CT, computed tomography; SGNPs, solid gold nanoparticles; PGNPs, porous gold nanoparticles.](ijn-12-1555Fig7){#f7-ijn-12-1555}
